Forty-five new Homeotic Complex (HOM-C) homeobox sequences from six species of Drosophilidae ( Drosophila heteroneura , D. adiastola , Zaprionus vittiger , Chymomyza amoena , Scaptodrosophila pattersoni and Hirtodrosophila pictiventris ) were obtained using a PCR-cloning method. These new homeoboxes are from the labial , proboscipedia , Deformed , Sex combs reduced , fushi tarazu , Antennapedia , Ultrabithorax , abdominal-A and Abdominal-B genes. Phylogenetic signal in the homeobox sequences was assessed and several aspects of sequence evolution were examined. In particular, codon bias was examined and found to exist between the drosophilid species examined here and Anopheles gambiae outgroup sequences. In addition, different patterns of codon bias were detected in homeoboxes interrupted with introns when compared to homeoboxes that are uninterrupted.
Introduction
While homeobox genes have been studied in a wide variety of organisms (de Rosa et al ., 1999; Banerjee-Basu et al ., 2000; Ferrier & Holland, 2001 ) very few studies have focused on homeobox evolution in a group of relatively closely related organisms (Zardoya et al ., 1996) . Here we compare homeobox sequences from seven taxa in the family Drosophilidae selected because their phylogenetic distribution covers a wide range of the diversity in this family. Drosophila heteroneura and D. adiastola are species in the Hawaiian Drosophila clade and members of the genus Drosophila (Remsen & O'Grady, 2002) . Both of these species are endemic to the Hawaiian archipelago. The remainder of flies examined are from genera representative of the major branching events in the family. Scaptodrosophila pattersoni and Chymomyza amoena are considered basal flies in the family (Grimaldi, 1990; Remsen & O'Grady, 2002) . Hirtodrosophila pictiventris and Zaprionus vittiger are considered more derived genera closely related to the subgenera Drosophila and Sophophora , the latter of which contains the intensively studied species D. melanogaster (for which all HOM-C homeobox sequences are also available). Phylogenetic relationships of the drosophilid taxa in this study are well known and robust (Tatarenkov et al ., 2001; Remsen & O'Grady, 2002) , as are divergence times for these taxa, which range between 10 and 60 million years ago (Grimaldi, 1990; Russo et al ., 1995) .
The Homeotic Complex (HOM-C) of Drosophila is composed of two separate units, the Antennapedia (ANTC) and Bithorax (BXC) complexes. Although both these complexes are located on the right arm of chromosome 3 (3R) in Drosophila melanogaster , they are considered genetically unlinked because they are separated by 7.5 Mb. We obtained homeobox sequences from both the ANTC and the BXC complexes for several drosophilid species by amplifying genomic DNA with a single pair of 'HOM-C specific' primers. Resultant PCR products were cloned and 150 clones from each species were sequenced. Nine homeoboxes ( labial , proboscipedia , Deformed , Sex combs reduced , fushi tarazu , Antennapedia , Ultrabithorax , abdominal-A and Abdominal-B ) were recovered from these species using this approach. Our taxonomic sampling strategy allows us to examine phylogenetic signal in HOM-C as well as test for patterns of codon usage bias in homeoboxes across taxa in the family Drosophilidae. Because several different homeoboxes were obtained for all the species in this study, we also examined codon usage bias as a function of gene structure by comparing those homeoboxes with introns ( lab , pb and AbdB ) to those that lack these interruptions. 
Results and discussion

Results from PCR and cloning
Of the 900 sequenced clones, about three-quarters contained inserts of the target length 105 bases (or slightly longer to accommodate homeobox products with introns). The majority of the clones were either Ubx , abdA , Scr , Antp or ftz homologues. Since the amino acid sequences of Scr and Antp are identical over the region we amplified, diagnosis of clones using amino acids was not possible. Instead, putative orthology was assigned to Scr and Antp based on nucleotide sequence similarity. Figure 1 shows the nucleotide alignments of the 45 new Drosophila homeobox genes and the orthologs from Anopheles gambiae and D. melanogaster . Amino acid translations of the sequences for these genes were highly invariant except for the ftz , pb , AbdB and lab genes (Fig. 2) . These sequences, while generally lacking variation at the amino acid level, displayed a great deal of variation in their nucleotide sequences, primarily in third codon positions. Although we looked for polymorphism by sequencing multiple clones of the same homeobox gene in each species, none was discovered. This result is not surprising given that the genomic DNAs used to do the initial PCR amplifications are from strains of flies that have been in culture for decades and most likely have been homogenized for the sequences of these homeoboxes.
Phylogenetic signal in HOM-C homeoboxes
Phylogenetic analysis using the homeobox sequences from the seven drosophilid species and A. gambiae as an outgroup is shown in Fig. 3 . The topology of this phylogeny is in general agreement with previous studies (DeSalle, 1992; Remsen & DeSalle, 1998; Tatarenkov et al ., 2001; Remsen & O'Grady, 2002) . Interestingly, support on this tree is spread out somewhat uniformly over the entire tree, suggesting that, in spite of a dearth of amino acid variation, nucleotide sequences from homeoboxes contribute significantly to support on the tree, even across quite different divergence times.
Codon bias
We examined potential patterns of codon bias in these homeobox genes using the program CodonW (http:// www.molbiol.ox.ac.uk/c µ /codonW.html; Peden, 1997) and GCUA (McInerney, 2000) . The GCUA program was used to generate tables of relative synonymous codon usage (RSCU). The CodonW program was used to perform correspondence analysis to examine if there were statistically significant patterns of codon usage bias. Data were partitioned in two ways: (1) by concatenating the seven homeoboxes for a particular species (by species analysis) and (2) by concatenating the homeoboxes for genes with introns ( lab , pb and AbdB ) in one group and homeoboxes without introns ( Deformed , Sex combs reduced , fushi tarazu , Antennapedia , Ultrabithorax and abdominal-A ) as the second group (by gene structure analysis).
Owing to the short length of these sequences, and because of non-random amino acid usage in some genes, not all amino acids and codons were observed in high enough frequency to make statistically significant statements about codon usage bias. A subset of 13 amino acids occur in high enough frequency so they can be characterized for codon usage bias (Phe, Leu, Ile, Tyr, His, Gln, Asn, Lys, Glu, Thr, Ala, Cys and Arg). Figure 4 shows the number of times a codon was used, and the RSCU for comparisons by species and by gene structure. Correspondence analysis revealed several statistically significant codon usage patterns. Interestingly, codon usage among genes was not identical to usage patterns among species, suggesting a difference in the kinds of selection acting at the level of the gene.
One obvious change in codon usage has taken place between the outgroup ( A. gambiae ) and all of the ingroup species. All four significant codon usage bias examples in the 'by species' comparisons involved changes from the A. gambiae preferred codon bias to a different codon preferred across all the drosophilids examined. In particular, for Leu -CUG is preferred in drosophilids, for Glu -CAG is preferred in drosophilids, for Thr -ACG is preferred in drosophilids and for Arg -CGC is preferred in drosophilids. The seven drosophilid species we examined appear to be homogeneous in their codon usage in the homeobox genes studied here and in cases where there is a statistically significant shift it is to codons ending in G/C. Besansky (1993) showed a strong G/C bias in third positions of codons in 14 genes of A. gambiae . Our results indicate that homeoboxes in the HOM-C complex in A. gambiae are actually biased toward A / T in third positions relative to flies in the family Drosophilidae. This result suggests potential differences in transcriptional dynamics of the Anopheles homeoboxes relative to the drosophilid homeoboxes.
It is also possible that gene structure may play a role even in genes having very similar cellular functions. The 'by gene structure' comparisons in Fig. 4 show five codons with statistically significant codon usage bias patterns. In particular, for Leu -CUG is used preferentially in the homeoboxes with introns, for Glu -GAG is used preferentially in the homeoboxes with introns, for Ala -GCG is used preferentially in the homeoboxes with introns, for Arg -CGG is used preferentially in the homeoboxes with introns and for Ile -AUC is used preferentially in the homeoboxes without introns. These results suggest a strong bias for four of the five cases to G/C bias in codons in introns. This result is intriguing and may indicate that transcriptional activity or efficiency may differ between genes with and without introns.
Intron structure and sequence
The point of insertion of introns in pb , lab and AbdB are conserved in all the species we examined (see Fig. 2 ), as well as in A. gambiae , indicating that at the very least such introns are ancestral to the divergence of mosquitoes and fruit flies (see also Cribbs et al ., 1992) . Several authors (Popodi et al ., 1996; Nie et al., 2001; Bastianello et al., 2002) have also surveyed several invertebrate taxa for the presence of pb, lab and AbdB introns. For example, Nie et al. (2001) reported that Tribolium (Coleoptera) lacked the intron in the lab homeobox. Furthermore, Popodi et al. (1996) and Bastianello et al. (2002) did not detect the intron in lab, pb and AbdB in lower invertebrate and deuterostome homeoboxes. This suggests that the intron in these three homeobox genes may be a Diptera-specific molecular character, although more comprehensive survey work should be done.
The AbdB, lab and pb genes in drosophilids have introns inserted in the 3′ end of the homeobox in the amino acid position indicated in Fig. 2 . While these introns are largely unremarkable, one striking characteristic is the short length of the lab and pb introns compared with other drosophilids. Intron length for the lab sequences from C. amoena, The single most parsimonious phylogenetic tree generated using the concatenated homeobox sequences from this study in combination with sequences for D. melanogaster and A. gambiae from Genbank (accession numbers for these two species homeoboxes are given in the experimental procedures section). The tree was 494 steps in length and had a CI = 0.6006 and an RI = 0.4167. The numbers on the nodes in the tree represent top: jackknife values (10 000 replications), middle: bootstrap values (10 000 replications), and bottom: Bremer support (Bremer, 1994) . A < sign indicates that the bootstrap or jackknife value was less than 50%. Correspondence analysis results using RSCU values. The data have been partitioned to reflect the three kinds of tests of codon usage bias outlined in the text, by gene structure or by species. RC1 and N1 indicate the RSCU value and the number of codons, respectively, for the upper extreme in the particular correspondence analysis. RC2 and N2 indicate the RSCU value and the number of codons, respectively, for the lower extreme in the particular correspondence analysis. Asterisks (*) indicate statistically significant shifts in codon usage from the correspondence analysis using a chi-square test. The codons that are significant have the particular kind of homeoboxes that show the shift to that particular codon listed in a separate column.
H. pictiventris and Z. vittiger are 66, 75 and 68 nucleotides, respectively. In contrast, the lab intron length for other species in the subgenus Drosophila (D. repleta AAK77942, Ranz et al. unpublished data) ranges from 250 bases to 630 nucleotides, roughly 4-10 times longer than in three species we examined (above). Likewise, the length of the pb intron in D. heteroneura and C. amoena was 281 and 301 nucleotides, respectively, while the same intron was 480 nucleotides in D. melanogaster. While this intron structure information is limited, it does suggest that longer intron sequences in lab are a derived characteristic of the virilisrepleta radiation (subgenus Drosophila) and may coincide with the origin of this group roughly 40 million years ago (Russo et al., 1995) . Similarly, the longer pb intron in D. melanogaster may be characteristic of the subgenus Sophophora. Further comparative studies examining the phylogenetic distribution of HOM-C intron length within Drosophilidae will be needed to clarify this issue.
Summary
Our approach to obtain HOM-C homeobox sequences has proven quite efficient. We obtained a full complement of HOM-C homeoboxes for genes uninterrupted by introns. The HOM-C homeoboxes we have obtained from several drosophilid species has yielded some tantalizing results in terms of codon bias, intron structure and phylogenetic signal. Codon bias exists in some among-species and amonggene comparisons we have made. The among-species codon bias is due to a major codon usage shift between the outgroup (A. gambiae) and the Drosophilidae species examined in this study. Shifts in codon bias among genes is most significant in homeoboxes with introns, suggesting that intron/exon structure may play a role in codon usage in these flies. The phylogenetic signal provided by the homeoboxes we examined was modest and, surprisingly, distributed mostly within recent divergences.
Experimental procedures
Taxa used and DNA isolation
The following species were used in this study: Hirtodrosophila pictiventris, Drosophila heteroneura and D. adiastola 
PCR, cloning and sequencing
The following primer pair was designed to amplify as many of the ANT-C and BX-C homeoboxes as possible: HOM5L = 5′caracnytngarytngaraa3′; HOM3R = 5′rttytcyttyttccayttcat3′. PCR products from each species were cloned into the TA cloning vector (Invitrogen). One hundred and fifty clones from each species were picked and DNA was isolated from each. Some clones were cycle sequenced using S35 and a standard protocol (USB). Gels were dried and placed on film. Sequences were read directly from the film, entered into SEQUENCHER and compared to D. melanogaster and A. gambiae homeobox sequences to determine orthology. Other clones were amplified using colony PCR, sequenced using BigDye (ABI) and run on an ABI 3700. Sequences from this second approach were corrected using the SEQUENCHER software.
Phylogenetic analysis and codon bias
All sequences in the coding portion of the homeoboxes were easily aligned by eye. Introns in the pb, lab and Abd-B genes were aligned using CLUSTALW (Thompson et al., 1994) . Phylogenetic analysis was performed with PAUP*, ver 4.0 (Swofford, 1998) using the exhaustive search option. Bootstrap (Felsenstein, 1988) and Jackknife (Farris et al., 1996) analyses, as implemented in PAUP*, ver 4.0 (Swofford, 1998) , were used to assess node robustness. Translation of the DNA sequences into amino acid sequences was accomplished using MacClade, ver 3.0 (Maddison & Maddison, 1992) . Codon Bias analysis was performed using the programs GCUA (General Codon Usage Analysis, ver 1.0; McInerney, 2000) and CodonW (Peden, 1997) . Codon bias analyses were accomplished as described in the text. In assessing codon bias we simply list those codons in the analysis with sufficient data to determine a direction in bias (Phe, Leu, Ile, Tyr, His, Gln, Asn, Lys, Glu, Thr, Ala, Cys and Arg). In some cases there were too few positions in the sequence occupied by a particular amino acid and so the codons for these amino acids were not examined (Met, Val, Asp, Pro, Ser, Gly, and Trp).
